A new "Closely Packed Equal Sphere" (CPES) infiltration model has been developed by us. It differs from the classical capillary infiltration model mainly in the value of the critical contact angle of spontaneous infiltration (50,7 o , instead of 90 o ), and as a consequence, it also differs in the functional relationship between the threshold pressure and the contact angle. Our new equation becomes identical with the Carman equation for perfectly wettability. Our experimental results are in good agreement with these theoretical results.
Introduction
The aim of this work is to create a mathematical model for penetration/infiltration. Infiltration is a process, when a liquid flows into the open pores of a porous solid body. First, literature models, particularly the classical capillary model on infiltration of liquid metals into porous ceramics will be reviewed. Then, a new infiltration model will be presented, based on the assumption that the ceramic is built of closely packed, equal spheres, so this model is called the CPES (Closely Packed, Equal Spheres) model. The CPES structure is the same as that of the fcc crystal (see Fig. 1 ).
The capillary model [1]
The infiltration of liquids into capillaries in equilibrium depends on only three forces. If the system is in equilibrium, the following equation has to be valid:
where F g , F 0 , F c : the gravity, external and capillary forces. The direction of infiltration is upwards, i.e. against the gravity vector, and the external pressure is taken with a positive sign, when it pushes the liquid also upwards.
The gravity force
The gravity force can be found multiplying the weight of the liquid by the gravity constant (g). This force is written with a negative sign, indicating that it acts against infiltration (R: radius of capillary; h: height of liquid; ρ: density of liquid).
The external force
The external force, used to push the liquid from the bottom to the top into a capillary can be calculated from the external pressure (p 0 ) and the cross section of the capillary as:
The capillary force The capillary force originates from the interfacial energies, emerging at the triple line (i.e. at the solid/liquid/gas interface). The equation for this force can be derived from the total interfacial energy after substitution, derivation and rearrangements. [A lg , A sl ,: surface areas (l:liquid; g:gas; s:solid); σ lg : surface energy; Θ: contact angle] [2] :
In the case of the capillary model, after some geometrical considerations:
Substituting Eqs. (2, 3, 5) into Eq.(1) the following equation will be valid in equilibrium:
If there is no external force (i.e. if p 0 = 0), the start of infiltration depends only on the capillary force, because at the beginning of the process the gravity force can be neglected. The capillary force is higher than 0 if cosΘ>0, i.e. if Θ < 90 o . So the threshold contact angle, in case of spontaneous penetration is Θ th = 90º.
If the external force is taken into account at the beginning of infiltration, the threshold pressure can be defined from Eq.(6), at h = 0 as:
From Eq. (7) it follows that the threshold pressure is positive at any contact angle, being above the threshold contact angle. In this case penetration will start if the actual external pressure is higher than the value calculated from Eq. (7) . However, for wetting liquid the threshold pressure becomes negative. This pressure should be applied from top to bottom to avoid spontaneous penetration of the wetting liquid into a capillary.
When the liquid penetrates upwards into a capillary, it will take place till an equilibrium height only, which can be expressed from Eq(6), taking into account Eq.(7) as:
As one can see from Eq.(8), the slope dh eq /dp o has a constant value and depends only on the density of the liquid and the gravity level of the experiment.
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The CPES model
The CPES (closely packed, equal spheres) structure (see Fig. 1 .) is the same as that of the fcc crystal [3] . This structure is more similar to real ceramics structures compared to the capillary model, therefore we can determine approximated infiltration conditions for some real, industrial processes, such as casting of alloys or metal matrix composites. In order to examine infiltration in the framework of the CPES model, a unit volume of infiltration has to be defined. This is a hexagonal column with the distance between its two parallel sides of 2R (where R is the radius of a sphere -see Fig. 1 ). In this case the condition of equilibrium state is the same that in capillary model Eq.(1). The gravity, external and capillary forces for the CPES model can be defined as follows.
The gravity force
The gravity force can be written as a Eq.(2), modified by the bulk porosity of the ceramic structure (ε ≈ 0.26 for the closely packed fcc structure):
The external force The external force acts perpendicular to the actual ratio of liquid/gas interface area to total area (ε s ), and thus it can be written as a modification of Eq.(3) as follows:
Parameter ε s changes periodically as function of infiltration height. In a macroscopic process the equilibrium height contains several thousand periods. In order to simplify the calculations, the average value of ε s has been taken, being equal to the bulk porosity (ε). Thus, Eq.(10) becomes:
The capillary force Substituting appropriate geometrical expressions ( π Rh A sl 2 = ) into Eq.(4), the capillary force in the interval of the penetration height of 0<h<1,63R can be found as (see also [4] ): 
Substituting Eqs. (9-11) into Eq.(1), the general equation can be obtained. Taking h = 0, the dimensionless pressure can be expressed as:
When the actual external pressure P o is larger than P, expressed by Eq.(13), the liquid will be pushed through the corresponding cross section h/R. Thus, P can be called a 'local' threshold pressure, being a function of h/R. Eq.(13) is shown graphically in Fig.2 at different values of the actual contact angle as a function of parameter h/R. As one can see from Fig.2 the threshold pressure is a periodic function of h/R. As one can see from Fig.2 , at each value of the contact angle the curve for a local threshold pressure goes through a maximum point, which obviously corresponds to the absolute threshold pressure at the given value of the contact angle. The threshold pressure given as a function of the contact angle is shown in Fig. 3 . As one can see there is a specific Θ value where the threshold pressure changes its sign. This is the threshold contact angle: Θ th =50,72º [3, 5, 6] . Thus, the threshold contact angle in the CPES model is significantly different from that of the capillary model. 
Experiments
A special equipment to measure infiltration of liquids into porous solids has been built by us. Silica powders with two different size distributions (see Table1) were charged into vertical glass tubes of 20 mm in diameter. From the weight of the charged tubes the average porosity was found to be ε = 0.40. The tubes were put into a wider, but low bowl with distilled water, and the height of spontaneous infiltration of water into the porous silica was observed as a function of time. The penetration front is not planar, what is due to the inhomogeneous structure of powder. The highest infiltration points were measured in all cases. The maximum infiltration height is shown in Fig. 4 . From Fig. 4 (left) one can see that the process is quite reproducible, as the maximum infiltration heights do not differ more than by 10% in 5 independent runs. As one can see from Fig. 4 (right) , the infiltration process did not reach its equilibrium height even after 3 weeks. The theoretical and measured equilibrium height of infiltration data are compared in Table 2 . One can see that the magnitude of the infiltration heights is well predicted by the theoretical equations. The Carman model was found to be better in case of SiO 2 F50 but our CPES model predicted the closest value in case of SiO 2 F70. 
Summary
In the present study the threshold pressure, the threshold contact angle and the equilibrium height of penetration has been determined in the framework of the CPES model. All these parameters are significantly different from those, obtained from the traditional capillary penetration model, but similar to Carman model. The experiments demonstrated the reliability of the theoretical results. In the future, experiments on the Earth and under increased gravity with model materials will be conducted to check the effect of gravity in penetration processes.
